Introduction
Rosenberg first reported the chemotherapeutic action of diamminedichloroplatinum(II), commonly known as cisplatin, in 1969 and since then it has arguably become the most prominent metal complex in medicine. It is by far the most widely employed anti-cancer agent in the treatment of head, neck, lung, ovarian, testicular and cervical cancer [1] and its great success is perhaps best exemplified in that, with early diagnosis, it has been shown to be a near total cure for testicular cancer [2] . Despite the success, there are concerns regarding its side effects such as neurotoxicity and damage to the kidneys [3] [4] [5] [6] .
The acquired resistance of some cancer cells to the drug following initial treatment and the inability to confer lasting remissions have also been recognised as major drawbacks of cisplatin chemotherapy [7] [8] [9] [10] . As a result, the identification and characterisation of other metal complexes for cancer treatment is ongoing.
Oxaliplatin, a complex consisting of a platinum centre bound to two bidentate ligands; oxalate and a diaminocyclohexane (dach), is a third-generation anti-tumour agent that is used for treating colorectal cancer [11] [12] [13] and has been successful in treating cell lines and tumours that have developed resistance to cisplatin and other platinum based anticancer drugs [12] [13] [14] . Oxaliplatin also produces side effects such as haematological suppression and neuropathy [15] , although it has been suggested that these effects are less pronounced relative to cisplatin [13, 14, 16] . At the molecular level both Pt-drugs are believed to kill cancer cells by binding to DNA, their ultimate pharmacological target [17] [18] [19] . Not surprisingly therefore, many experimental and theoretical studies have focused on Pt attachment to DNA [20] [21] [22] [23] . Oxaliplatin undergoes ligand exchange in physiological conditions where the oxalate ligand is replaced by two chloride ligands to form [Pt(dach)(Cl) 2 ] [24] . It is widely accepted that upon the [Pt(dach)(Cl) 2 ] complex, or cisplatin, entering a cell, the semi-labile chlorides in either species are replaced by water ligands [25, 26] . This does not readily occur in the blood stream, where the drugs are introduced intravenously, due to the high concentration of free circulating chloride ions [25, 26] . It is by undergoing this partial hydrolysis in the cell that these drugs are activated forming primarily cis- [ [12, 27, 28] . After penetrating the nucleus of the cell, the central Pt metal in these ions can undergo further ligand substitution reactions with DNA producing several mono-dentate adducts, as well as many intra-and inter-strand cross links, between the N7 atoms of the purine bases.
The intra-strand DNA complex, where Pt bridges adjacent guanine bases, is by far the most dominant DNA adduct with either cisplatin or oxaliplatin comprising ~ 65% of the total [29] [30] [31] [32] . The resulting distortion of the DNA structure signals cell cycle arrest, allowing for repair and, if the damage levels are high enough, subsequent apoptosis [7, 19] . Intracellular Pt content is considered to play a significant role in cytotoxicity and resistance. Several studies have investigated the accumulation of cisplatin in various cancer cell types and have examined the cellular uptake of the drug as a function of exposure time [23, [33] [34] [35] [36] [37] . Decreased intracellular Pt concentration due to increased efflux or decreased drug uptake was also shown to cause cisplatin resistance [7, [38] [39] [40] [41] [42] .
After entering the blood stream cisplatin or oxaliplatin can react with molecules containing strong electron donor groups (e.g. thiols, carbonyl oxygens and amino nitrogens) such as human serum albumin, one of the most abundant proteins in blood plasma [43] [44] [45] [46] [47] [48] . These reactions partially inactivate the drugs and reduce their subcellular uptake. In order to reduce such interactions and to improve the cellular uptake, recent studies have focused on modifying the structure of the drugs or combining them with other molecules such as bafilomycin and methyl-β-cyclodextrin to improve their permeability through cell membranes [23, [34] [35] [36] [37] . Inside the cell, a plethora of ligands other than DNA are available to compete for the platinum, it is thus not surprising that only a very small fraction of either intracellular cisplatin or oxaliplatin binds to their pharmacological target [49] . The isolation and quantification of these scarce Pt-DNA complexes has been the subject of many recent reports [19, 22, 23, 36] . Non-DNA interactions not only account for the majority of the intra-cellular adducts formed by the Pt-drugs, thus reducing their efficacy, but there is also strong evidence suggesting that such adducts are responsible for induced resistance in cancer cells [50] [51] [52] . Key among these cellular adducts are Pt complexes with the cytoplasmic ligand γ-glutamylcysteinylglycine (glutathione or GSH) [53] . The levels of GSH have been reported to be elevated in cisplatin resistant tumour cells [54] . It is therefore believed that GSH complexes with cisplatin are not only a major cellular sink of the drug, causing its inactivation by forming stable covalent adducts [53, 55] , but also prevent cisplatin from binding to DNA. Recent studies discovered a clear positive correlation between the resistance to cisplatin and elevated cellular levels of GSH in several ovarian cancer cells [55] . The extent of Pt-GSH binding in cisplatin has been reported to account for approximately 60% of its intracellular concentration [53] , while a more recent report reduced this dramatic figure suggesting that it does not exceed 20% [28] .
FOLFOX is a common combination chemotherapy used for treatment of patients with colorectal cancer and is considered one of the most effective treatments for metastatic colorectal cancer. Oxaliplatin has been shown to improve the efficacy of the 5-FU and folinic acid combination [56] , however the synergistic effect between these drugs is not well understood. While it is widely accepted that Pt-based drugs, such as oxaliplatin, produce their pharmacological action by forming various types of adducts with the DNA (Pt-DNA adducts), the effect of 5-FU and folinic acid on the sub-cellular distribution of oxaliplatin in the cell has not been investigated. Other combination treatments include selenium, an essential trace element in the human body, and a common supplement taken during chemotherapy [57] which has recently been shown to have some anti-cancer properties. [58] Methyl selenol (CH 3 SeH) has been suggested to be a highly important metabolite involved in selenium anti cancer action [59] . Moreover, it has been shown that selenium supplements can help to reduce certain toxicities such as leukopenia and nephrotoxicity related to platinum-based chemotherapy [60] . However, the interaction between selenium and Pt-based drugs is still not well studied.
To date only very few reports have focused on the sub-cellular fractionation of Pt complexes within a cell [22, 28, [61] [62] [63] [64] . Out of these, even fewer examined the subcellular fractionation post uptake by cancer cells [28, 62, 64] while to the best of our knowledge none was conducted on patient samples in clinical studies. In all previous studies, the sub-cellular fractions examined were obtained at the cost of destroying, and thus losing all information pertaining to other sub-cellular components, thus no holistic picture has ever been obtained.
Gibson et al. [28, 65] noted that there is a lack of methodologies that are able to provide information on metallodrugs in cell models at biologically significant concentrations.
However, using the high sensitivity and accurate, precise and fast quantitation provided by inductively coupled plasma mass spectrometry (ICP-MS), some progress has been made. Thus Pt has been determined in a variety of clinical samples [66] and ICP-MS has been used specifically for the determination of Pt in samples from patients following Ptbased drug chemotherapy. [67] [68] [69] [70] combinations. However, not all patients received the same dose at each cycle as the starting dose had to be reduced (typicall by 20%) in some cases due to drug toxicity. The sampling time points, chosen for patient convenience, were: immediately prior to drug administration, and one hour and twenty four hours after drug administration. Blood was taken in vials containing sufficient potassium EDTA to achieve a concentration of 1.2 -2 mg EDTA/ml blood after collection (SARSTEDT, Germany). Samples were kept at room temperature and the leukocytes were isolated as quickly as possible.
Leukocyte isolation
Leukocytes were isolated using Ficoll-Paque PLUS (GE Healthcare, UK). The blood was diluted with an equal volume of RPMI 1640 media (Sigma-Aldrich, UK) and then 10 ml of the blood/RMPI mixture was carefully layered on top of 12 ml Ficoll-paque PLUS and centrifuged at 1700 rpm for 30 minutes at room temperature. The inter-phase layer was collected with a Pasteur pipette and was washed twice in RPMI 1640 media. Cells were frozen and stored at -80 C in RPMI media containing 20% foetal calf serum (FCS) and 10% DMSO.
DNA extraction from leukocytes
DNA was extracted from isolated leukocytes using Blood & Cell Culture DNA Kit from QIAGEN (Crawley, UK) according to the manufacturer's protocol. Briefly, the frozen leukocyte samples were thawed and washed twice with PBS. Cells were then lysed and the cell nuclei were collected as pellets following centrifugation. Protein in samples was digested using Protease enzyme and DNA was extracted from samples using DEAE ion exchange cartridges. The final DNA samples were dissolved in water before determining the DNA content by measuring the UV absorbance at 260 nm wavelength. Samples were stored at -20°C for subsequent SF-ICP-MS analysis. 
Sub-cellular fractionation
To obtain the sub-cellular fractions an extraction procedure with the ProteoExtract ® subcellular proteome extraction kit (Merck KGaA (UK)) was performed on the harvested cell pellets described in detail elsewhere [72] . An equal volume of harvested cell pellets was used to carry out a mass balance experiment and the Pt content of the drug treated whole cell extracts was determined.
Sample preparation
The digestion method employed was originally described by Yamada et al. [74] and modified by Kerr [75] . Briefly, 0.8 volume of 70 % nitric acid was added to 1 volume of each extracted DNA sample or sub-cellular fraction and heated at 70 ºC for one hour followed by the addition of 0.8 volume of 30 % hydrogen peroxide and heating at the same temperature for a further 4 hours. In the case of whole cell extracts, used for mass balance, 300 μl each of 70 % nitric acid and 30 % hydrogen peroxide were used in the same digestion procedure. The resulting digest was evaporated to dryness under a gentle stream of high purity argon gas then reconstituted in 300 μl or 1 ml, for the extracted DNA samples and sub-cellular fractions respectively, of 0.5 ppb Eu solution, used as internal standard, in 2 % nitric acid. Prior to SF-ICP-MS analysis, the whole cell extract samples were diluted by 100 fold with 2 % nitric acid.
Instrumental and measurement procedure
Analyses were performed on a sector-field ICP-MS instrument (ThermoFisher Element 2 XR, Bremen, Germany). The instrument was fitted with a cyclonic spray chamber (Glass Expansions, Victoria, Australia) and a PFA nebuliser (PFA-ST Elemental Scientific, Omaha, USA). Typical operating parameters for the instrument are summarised in Table   1 . The low resolution peak jump mode, with 13 passes per run and 3 runs per sample, was used to measure 195 Pt and 153 Eu which was used as an internal standard (see below). In the case of DNA sample analysis, 31 P was also measured in the medium resolution mode.
The determination of Pt by ICP-MS is potentially subject to spectral and non-spectral interferences. However, spectral interferences from metal oxide formation such as hafnium oxide is not significant in biological samples since the Hf background is lower than the Pt background [76] [77] [78] . Furthermore, metal oxide formation can be minimized by optimizing the gas flow rate and plasma ionization conditions. Hence, the conditions were optimised before each analysis for maximum sensitivity and minimum metal oxide formation. Non-spectral interferences, from the complex sample matrix, that affected the Pt signal were overcome by digesting the matrix prior to the analysis and using Eu as an internal standard.
Use of Eu as an internal standard
Eu was selected as a suitable internal standard for this work because it gave the best performance in improving the quantification of both Pt and P in different concentrations of the DNA sample matrix compared to 40 other elements screened and evaluated for this purpose. Eu produced the lowest %RSD values for intensity ratios to both Pt (Eu:Pt) and P (Eu:P) , and the lowest relative % error in Pt quantification in varying concentrations of sample matrix.
Calculation of the number of Pt-DNA adducts per number of DNA nucleotides
The number of Pt-DNA adducts was calculated using the Pt concentrations obtained from the SF-ICP-MS data. The number of DNA nucleotides, however, could be obtained by two ways, either from the DNA concentrations determined by UV or from P data obtained from SF-ICP-MS. In this study, the latter method was used to determine the number of DNA nucleotides since it was found that using the Pt/P ratio to calculate the number of Pt-DNA adducts per nucleotide was a more robust approach and gave more reproducible values. The Pt/P was robust against matrix effects and produced very consistent data in different DNA matrix concentrations. The use of the Pt/P ratio would also have cancelled errors due to sample losses during the sample preparation in a similar way to improving quantification by using analyte/internal standard ratios. Moreover, using the P data to calculate the number of DNA nucleotides (each phosphorus atom corresponds to one nucleotide) is in principle more accurate than using the DNA concentrations from the UV data which requires averaging the RMM's of the four different DNA nucleotides. Figure 1 and Figure 2 present the Pt-DNA adduct formation data obtained from twenty eight patients on various cisplatin or oxaliplatin based chemotherapies. Data are presented (whenever it was possible to obtain patient samples), at three time points and at different treatment cycles. The time points chosen for patient convenience were:
Results and Discussion
immediately prior to Pt-drug administration, one hour and twenty four hours after Pt-drug administration. All patients on the first cycle of treatment either did not exhibit any Pt-DNA adduct formation, prior to Pt-drug administration, or such adducts (from environmental Pt) were present at levels below the instrumental limit of detection. The nucleotides determined by the post-labelling assay [79] in white blood cells of patients after cisplatin chemotherapy. It is clear from Figure 1 and Figure 2 that the method employed here allows for the measurement of in vivo Pt-DNA adducts formed due to the administration of a variety of Pt-drugs at clinical concentrations. Excellent reproducibility was obtained, as shown in Table 2 , whenever patient DNA was available in sufficient quantity to allow for duplicate measurements to be performed. The reproducibility of the results was shown for several different samples from patients on various treatment regimes, on different treatment cycles and using varying amounts of DNA, as detailed in Table 2 . The excellent agreement of the Pt-adduct data from these replicate analyses illustrates the reproducibility of the DNA extraction and digestion procedures employed, in addition to the instrumental analysis. More remarkably, the sensitivity of this method allowed for the detection and quantitation of Pt-DNA adducts, prior to Pt-drug administration, in patients who had had previous chemotherapeutic cycles. The presence of these Pt-DNA adducts indicates their persistence in the DNA in patients' white blood cells for the length of time between each Pt-drug administration cycle which is typically two to three weeks. This carry over phenomenon may play a role in patients' response to chemotherapy and should be investigated further.
The variability between patients in Pt-DNA adduct formation shown in Figure 1 and Figure 2 can be attributed to numerous causes including the varying doses and combination therapies administered or the different types of cancers presented. This variability however, also indicates that some host-specific factors may have a role to play.
The Pt-DNA adduct levels at one hour and twenty four hours after drug administration were not substantially different for most of the patients studied. Work elsewhere has shown DNA adduct formation peaking at around 6 hours after Pt-drug administration [80, 81] . Sample collection at this time point, however, was not convenient to patients in this cohort and thus it was not possible to obtain intermediate time point data. The interpatient variability in the ratio of Pt-DNA adducts at the one hour and twenty four hour time points shown in Figure 1 and Figure 2 , although only small for most patients, may explain individual variability in tolerance to side effects caused by chemotherapy and increased resistance to the Pt-drug. Of particular interest is patient 7, see Figure 1 , who presented with a T3N1 gastro-oesophageal adenocarcinoma and showed the highest Pt-DNA adduct formation among the cisplatin group. This patient experienced high levels of toxicity, however exhibited a complete pathological response upon surgical resection after chemotherapy. Alternatively, patient 24, see Figure 2 , who showed the highest levels of Pt-DNA adduct formation at 1 hour among the oxaliplatin group also demonstrated the most significant reduction of Pt-DNA adducts after twenty four hours.
This substantial DNA repair capacity may have been responsible for this patient's increased tolerance to side effects as compared with others in the same group.
Whilst the data presented are from a small number of patients, some qualitative observations can be drawn indicating a need for further study. Most noteworthy of these was that comparing the adduct data with clinical notes there was prima facie evidence for some patients of a positive correlation between adduct formation and toxicity. Since the majority of patients receiving Pt are receiving palliative care, toxicity is the main driver of clinical pathway and predictive markers for toxicity are of considerable potential clinical value. Further, in some cases, it may be that a critical concentration of Pt-DNA adducts is required to cause cell apoptosis, but that exceeding this critical concentration, without a substantial DNA repair capacity, could lead to significant toxicities.
Importantly these data also provide support for the hypothesis that the nuclear DNA from healthy white blood cells can in some circumstances be a useful model for predicting drug performance in tumour tissue.
These observations in conjunction with the current hypothesis that Pt-non DNA interactions may correlate with toxicity led us to examine the sub-cellular Pt-drug partitioning in several human cell types treated in vitro with a variety of Pt-drugs. after exposure [64] . Another study employing graphite furnace atomic absorption detection showed the cytosolic fractions of healthy rat kidney and liver cells to contain 62 % and 89 % respectively of cisplatin 24 h after injection [63] . These percentages are actually significantly higher than the corresponding 30-50% protein content of the cytosol. This suggests that protein content is not the sole factor affecting sub-cellular Pt distribution. The presence of other small cytoplasmic molecules with high affinity to Ptdrugs, such as glutathione [28] , as well as possible preferential Pt binding could be among the reasons for such a favourable sub-cellular Pt partitioning. It is also possible that some of the Pt-drug, upon penetration of cellular walls, remains free and unbound to biological ligands. Following the extraction procedure employed here most, if not all, of any such unbound Pt species would be collected in the cytosolic fractions.
The nuclear fractions are of special interest as they contain the DNA, the ultimate pharmacological target of the Pt-drugs. These fractions were shown to contain no more than 9% of the total Pt incorporated in any of the various Pt-drug treated cancer cells used in this study irrespective of the type of cancer cell or the kind of Pt-drug used in cell treatment. However, the nuclear fractions obtained here not only contained DNA but all nuclear material such as RNA, chromosomes, nucleoplasm and histones, all of which contain electron donor groups making them potential ligands for the Pt-drugs. This is reflected in data from several previous reports suggesting that Pt-DNA complexes account for about 1 % of the total Pt incorporated in cells [78, 82, 83] . The partitioning assay affords opportunity to establish whether the reported synergy from combining oxaliplatin, 5-FU and folinic acid in the FOLFOX regimen could be related to changes in Pt distribution in the cell or adduct formation. The data presented in Figure 3 combination [84] . The partitioning assay was also applied to study the effect of Se supplementation combined with oxaliplatin. However, due to the high reactivity of methyl selenol, MSA was used in this work to generate the more reactive species in situ. The amount of sub-cellular Pt-drug lost due to the cell fractionation procedure employed here was investigated in order to validate the data. Equal volumes of cells, treated and untreated with Pt-drugs, were used to establish a Pt mass balance against the fractionated counterparts. These samples were not fractionated into sub-cellular components but rather subjected to harsh whole cell digestion conditions, evaporated to dryness and made up to the same volume of 2 % nitric acid used for each of the fractions of the subcellular experiments. The whole cell extracts were then diluted 98.5 times in 2 % nitric acid prior to analysis by ICP-MS. The Pt content of cisplatin treated whole cell extracts for example was determined to be 11.5 ng/10 6 cells, see Table 4 ; this value compares well with a recent study reporting a sub-cellular Pt concentration of 10 ng/10 6 cells when ~ 3 x 10 6 A2780 cisplatin resistant cells were exposed to 50 µM cisplatin for 1 hour [23] .
The determined value for the cisplatin treated whole cell extracts compared very favourably with the sum of the Pt content in all four corresponding cisplatin treated subcellular fractions obtained here at 11.5 ng/10 6 cells, presented in Table 4 . This yielded a 
Conclusion
Sector-field ICP-MS has made it possible to determine the number of Pt-DNA adducts formed in white blood cells of patients on a variety of different Pt-drug based chemotherapies. The detection and quantitation of Pt-DNA adducts prior to Pt-drug administration in patients who had previous chemotherapeutic cycles was also possible.
Significant variability between patients in Pt-DNA adduct formation was found, which may be partially due to host-specific factors, in some cases this correlated with either efficacy, or toxicity, or both. Some inter-patient variability in the ratio of Pt-DNA adducts at one hour and twenty four hour post drug administration was shown and there was evidence to suggest that a substantial DNA repair capacity may be correlated with increased tolerance to side effects.
Combining the SF-ICP-MS methodology with a cell fractionation procedure allowed, for The first ever in vivo sub-cellular Pt fractionation data on a patient sample was reported and shows the feasibility of applying the methods presented here in a clinical environment. Gaining a holistic picture of drug partitioning will be a valuable step towards understanding the pharmacokinetic response of individual patients to Pt-based chemotherapy both in terms of drug efficacy and the prediction of unwanted side effects.
The methodology has been applied here to Pt-drugs but it can equally be applied to any metallo-drug or those containing hetero atoms such as Br or I. 
